The success of artificial prosthetic replacements depends on the fixation of the artificial prosthetic component after being implanted in the thighbone. The materials for fixation are subject to mechanical stresses, which originate permanent deformations, incipient cracks and even fatigue fractures. This work shows the possibility of monitoring the mechanical stress over time in prosthesis. In this way, highly sensitive silicon thin-film http: //dx.doi.org/10.1016/j.sna.2013.03.013 2 piezoresistive sensors were developed attached to prosthesis and their results compared with commercial strain gauge sensors. Mechanical stress-strain experiments were performed in compressive mode, during 10,000 cycles. Experimental data was acquired at mechanical vibration frequencies of 0.5 Hz, 1 Hz and 5 Hz, and sent to a computer by means of a wireless link. The results show that there is a decrease in sensitivity of the thin-film silicon piezoresistive sensors when they are attached to the prosthesis, but this decrease does not compromise its monitoring performance. The sensitivity, compared to that of commercial strain gauges, is much larger due to their higher gauge factors (-23.5), when compared to the GFs of commercial sensors (2).
Introduction
The use of artificial prosthetic replacements has become an important surgical procedure in orthopedic human joint diseases. The success of this kind of procedure largely depends on the fixation of the artificial prosthetic component after being implanted in the thighbone [1] . Typically, hip-joint prosthesis consists of a ball and a socket joint [2] .
Most frequent fixation problems are related to infection, wear and wear particulates generated by friction between the joint and the bone, or even between the femoral cup and the joint, migration and failure of the implants, and loosening. These problems manifest into osteolysis in the bone bed which is the major cause of long term loosening, mostly for the femoral stem. Some problems were identified that cause loosening of the implant, thereby dramatically shortening its lifetime, such as mismatch of the physical properties between tissues and implant, low biocompatibility of the implant, deterioration of the physical properties of implant materials, and bad design , among others [3] .
The biocompatibility and bio-stability with the body tissues are key issues of any implant material used for the manufacture of hip-joint prosthesis. The physical and chemical properties of the materials must match the respective function of the prosthetic component and should not undergo any changes under the influence of the relatively aggressive biologic environment in the human body [4] . The materials to anchor stems that are subjected to bending and torsional stresses should be selected with regard to their high yield, fatigue strength, and toughness. Permanent deformations, incipient cracks and even fatigue fractures of loosened femoral component stems can in this way be prevented. A smooth operation of the artificial joint and its anchorage, especially in the first stage of implantation inside human body, is critical for the patient comfort and for the success of the hip-joint performance at long term service [4] . There is insufficient data available regarding the hip-joint performance inside the human patient, and consequently no information is available how the prosthesis behaves over time and, in particular, during the first days of post medical procedure. Information concerning mechanical stress of bone cement and hip-joint small dislocations monitoring are fundamental to promote high durability of the prosthesis, comfort and reliability to the patient. In this sense strong efforts are being done in order to develop sensors for the measurement of cement-prostheses interface forces based on different transducers and geometries [5] [6] [7] [8] [9] [10] , but the issue is far from being solved for practical situations.
Thin-film silicon piezoresistive sensors attract particular attention due to their versatility, widespread application and due to their convenience for integration in microsystems [11] . Fabrication of such sensors requires a number of technological steps that influences the sensor properties, as well as their reliability [11] . The sensors were deposited by hot-wire chemical vapor deposition, which has proven to be a versatile and suitable technique to obtain highly doped hydrogenated nanocrystalline silicon thin films (nc-Si:H) [12] .
The present work shows an approach to monitoring mechanical stresses over time in a prosthesis. High sensitivity silicon piezoresisitive thin-film sensors were fabricated and attached to prosthesis. Their performance was compared with that of commercial strain gauge sensors.
Experimental
Nanocrystalline silicon deposition on polyimide substrates was performed in a loadlocked chamber under high-vacuum conditions (base pressure better than 10 -6 Torr). After loading, before starting deposition, the substrates were allowed to degase while heating to the deposition temperature of 150 ºC, up to the point where the chamber pressure recovered to the pre-load values. A single tantalum filament, 0.5 mm thick and 14 cm long, was heated up to 1750 ºC. Filament-to-substrate distance was 7 cm. The filament was first heated up to the working temperature, in a hydrogen atmosphere, and then the source gases, SiH4 (as a Si precursor) and PH3 (as a P precursor) were added while the hydrogen flow was adjusted to a value corresponding to 95 % of the total gas flow. Working pressure was 40 mTorr for all depositions. During the filament heating time, a shutter was closed in order to protect the substrate from spurious species emitted from the filament. Deposition rate was ~1.5 nm/s and final thickness of the films was in the range 100 -150 nm. More details on the preparation procedure and on the characteristics of the sensors can be found in [12] , [13] . The hip-joint prosthesis was then placed in the middle of a carbon steel machined rectangular mold. The prosthesis with the attached sensors was fitted into a mold cavity, the bone cement was poured into the other side of the cavity and pressure was applied by hand to keep the hip-joint prosthesis well bonded to the cement. After the polymerization of the bone cement was complete, the specimens were transferred to a universal testing machine Instron 8501 (figure 1).
Mechanical fatigue test were performed in the compressive mode, according to standard ISO 7206 [14] . The typical fatigue test consists on the fitting of the prostheses to a 60% of the CT length (distance between the lower end of the prostheses to the geometrical center of the head) within the mold with inclination angles  (10º ±1) and  (9º ±1) of the axis of the prosthesis with respect to the front and lateral sides of the mold cavity Finally a burst test was performed to the hip-joint prosthesis in the compression mode, at a velocity of dl/dt = 2 mm/min. 
Results and Discussion
Computer simulations were performed in order to characterize the stress distribution along the artificial prosthetic device. Figure 3 shows the simulation results, where it is possible to observe that the positions submitted to higher mechanical effort are the ones placed at the bone cement interface. Then, the piezoresistive sensors (S4, S21, S1, S3, S22 and S2) were attached to the hip-joint prosthesis at the places indicated in Figure 3 and corresponding to different stress levels. below the femoral cup is more exposed to the mechanical solicitation. Also, sensor S1, placed in a region covered by bone cement, has a high electrical signal amplitude, but smaller when compared to sensor S2. In a different part of the prosthesis, sensor S4, the amplitude of the electrical signal decreases as compares to S1 and S1, which reveals that the mechanical load distribution pattern along the hip-joint prosthesis is dependent on the value of the mechanical load.
The sensor at the base of the prosthesis (S4) shows electrical response amplitude smaller than the previous ones, and a phase lag to sensor S2 and S1 is observed. The Besides the commercial sensors, two n-type piezoresistive nc-Si:H microresistors with thickness around 120 nm, fabricated on 125 m polyimide polymer substrates (a picture of the sensor can be seen in [12] were mounted in the hip-joint prosthesis at exactly the same position as the metallic commercial strain gauges, but at the other side of the prosthesis. The evolution of the electrical signal of the piezoresistive nc-Si:H sensor was registered and compare to the signal of the commercial gauges.
P-doped thin-film silicon piezoresistive sensors show an electric signal output higher than the metallic commercial ones (figure 6), when subject to the same experimental conditions. The electrical response of the sensor placed inside of the bone cement shows In order to have a better understanding of the nc-S:H microresistor (Rx) response, the Gauge factor (GF) was determined taking into account the characteristics of the implemented electronic circuit (figure 7). 
12
For R1=R2=R3, the change in resistance of the sensor is given by:
By replacing the known parameters of the electrical circuit of figure 7 , the resistance changes of the piezoresisitive sensors are shown in table 3.
Table 3 -
It is assumed a GF value of 2 for the commercial metallic strain gauges, and that, due to the fact that the nc-S:H microresistor were placed at similar positions, they were submitted to the same mechanical strain () so with the substitution of commercial metallic strain gauge parameters in the equation 6 it is possible to calculate the strain for nc-S:H microresistor. From equation 6, the Gauge Factor of the nc-S:H microresistor are calculated (table 4) . showed a GF of -28.1 [12] . The difference can be explained by the fact that all the manipulation needed to fix the sensors to the prosthesis somehow damaged them. It is necessary to point out that, contrary to the commercial sensors, the nc-Si:H sensors fabricated in this work had no encapsulation.
Conclusions
The monitoring of mechanical stress over time in prosthesis is reported in this work. Table 2 -Material properties of the hip prosthesis model. Table 3 -Resistance variation for the commercial (S2, S4) and nc-S:H (S22, S21) piezoresistive sensors, when the prosthesis is subject to 4000 N and 2300 N. 
